In the presence of oxygen many aminoaromatic compounds polymerize to form recalcitrant macromolecules. To circumvent undesirable oxidation reactions, the anaerobic biodegradation of a simple member of this class of compounds was investigated. Two strains of bacteria were isolated which degrade 2-aminobenzoate anaerobically under denitrifying conditions, with nitrate as the terminal electron acceptor. Both organisms, which were assigned to the genus Pseudomonas, oxidized 2-aminobenzoate completely to CO2 and NH4+.
In the presence of oxygen many aminoaromatic compounds polymerize to form recalcitrant macromolecules. To circumvent undesirable oxidation reactions, the anaerobic biodegradation of a simple member of this class of compounds was investigated. Two strains of bacteria were isolated which degrade 2-aminobenzoate anaerobically under denitrifying conditions, with nitrate as the terminal electron acceptor. Both organisms, which were assigned to the genus Pseudomonas, oxidized 2-aminobenzoate completely to CO2 and NH4+.
Nitrate was reduced to nitrite. When nitrate was depleted from the growth medium the accumulated nitrite was reduced to nitrogen. The results establish a model system for the anaerobic, rapid, and complete oxidation of an aminoaromatic compound.
Nitro-and aminoaromatic compounds are produced in large amounts by chemical industries. Many of these are xenobiotic compounds that can cause severe problems in the environment (12) . In addition, aminoaromatics as well as degradation products formed from nitroaromatics easily polymerize in the presence of oxygen to persistent macromolecules (6) . This is prevented by an anoxic atmosphere, and these conditions promote the reduction of nitroaromatics and azo dyes to amino compounds (19, 31) . The biodegradation of these chemicals should be favored by anaerobic conditions that will, first, promote the formation of a single group of compounds, i.e., aminoaromatics, from a variety of nitrogen-containing xenobiotics and, second, prevent polymerization reactions. Thus, anaerobic enrichment conditions would enable organisms to activate preexisting degradation pathways for aminoaromatics undisturbed by chemical modification of these compounds. Anaerobic degradation of aromatic compounds by pure cultures is unlikely to occur by fermentation. On thermodynamic grounds anaerobic catabolism is dependent on the presence of symbiotic organisms, such as methanogenic bacteria (11, 21) , on the presence of certain structural elements of the compounds, such as polyhydroxy-substituted benzene nuclei (16, 24) , or on the ability to use external electron acceptors, such as sulfate (23) or nitrate (28) .
To initiate studies on the degradation of nitrogen-containing aromatic compounds, we have chosen to investigate the anaerobic degradation of a simple aminoaromatic compound, 2-aminobenzoate (anthranilic acid). We also chose to use nitrate as an electron acceptor in our studies. Under these conditions several aromatic compounds can easily be metabolized (1, 9) . We report the anaerobic degradation of 2-aminobenzoate and, for comparison, benzoate by strains of denitrifying bacteria of the genus Pseudomonas.
MATERIALS AND METHODS Medium and cultivation. Media were made anaerobic according to standard procedures (15 (22) without H3B03, 10 ml; agar (where needed), 20 g. Stock cultures were transferred every day (10%, vol/vol, inoculum) and kept at 30°C. Experiments were performed at 37°C.
Determination of growth parameters. (i) Preparation of samples. Samples (0.6 ml) of the medium were taken with a 1.0-ml syringe. Optical density at 578 nm (Zeiss PL4 photometer) and pH were determined where necessary. Each sample was centrifuged, and to 0.4 ml of the clear supernatant 0.04 ml of 0.05 M 3-hydroxybenzoate in 1% (wt/vol) H3PO4 was added as an internal standard for high-pressure liquid chromatography determinations. This sample was also used for ammonium determination. If the CO, content of the medium was to be determined, a second sample (1.0 ml) was transferred into a 4.0-ml glass bottle, sealed with a silicone septum, and 0.1 ml of 6 N HCI was added for quantitative CO2 evolution.
Gaseous samples were withdrawn for analysis by gas chromatography with a 0.250-ml gas-tight syringe (Precision Sampling) which was valve locked before removal from the tightly sealed culture flask. Thus, an isobaric precise proportion of the known headspace volume could be analyzed. Hence, calculation of gas concentrations gave correct values, irrespective of the pressure changes within the headspace volume of the culture flask.
(ii) Ammonium (NH4+). Ammonium ion concentration was determined colorimetrically by the Berthelot procedure as described by Kaplan (17) . Culture supernatant solutions (0. (iv) Oxygen (02), nitrogen (N2), and carbon dioxide (CO2). Analysis of 0,, N2, and CO, was performed by gas chromatography with a Perkin-Elmer 900 gas chromatograph equipped with a hot-wire detector. Temperatures were as follows: injector, 100°C; oven, 70°C; detector, 150°C. The bridge current was 125 mV. Oxygen and nitrogen were separated on a 3-m molecular-sieve column (0.5 nm, 30 to 60 mesh; Perkin-Elmer OSO.91). Nitrogen and carbon dioxide were separated on a 4-m silica gel column (Perkin-Elmer OS0.93). The total concentration of CO, was calculated from the amounts determined in the medium and the atmosphere. Quantitation was based on standard curves that were registered with each run.
The lowest detection limits of gases were as follows Characterization of organisms. Cell morphology was examined in detail by electron microscopy with negatively stained cells according to procedures described previously (29) . Gram stains were performed by the Hucker method as described by Bartholomew (3) , except that fixation of cells was done with methanol (18) . Staphylococcus alureius and Escherichia coli served as controls. For confirmation of the Gram stain the KOH test was performed (13) . Oxidase activity with tetramethyl-p-phenylenediamine dihydrochloride, catalase activity, and the oxidation-fermentation test with fructose were performed as described previously (25 All three Pseudomonas sp. strains grew anaerobically with a variety of substrates when nitrate was present in the growth medium (Table 1) . Aerobic growth was observed with benzoate and 2-aminobenzoate. However, no growth was observed under fermentative conditions, i.e., in the absence of either 02 or N03 . Adipate, 1-cyclohexenecarboxylate, and pimelate, which have been detected as intermediates in the anaerobic degradation of aromatic acids (9) , were also utilized as growth substrates. In contrast, catechol and protocatechuate, which are central intermediates in the aerobic degradation of a variety of aromatic compounds, were not utilized.
Anaerobic growth on 2-aminobenzoate. Figure 3 shows the growth and anaerobic degradation of 2-aminobenzoate by Pseudomonas sp. strain KB740. Similar results were obtained with strains KB650 and KB820. One mole of 2-aminobenzoate was converted to 0.4 mol of NH4' and 5 mol of CO2. Respiration occurred in two stages, with nitrate being converted to nitrite followed by the conversion of nitrite to nitrogen. The second stage never occurred before the medium was totally depleted of nitrate. If excess nitrate was added to the growth medium the cells grew by N03--NO2-respiration with little or no production of nitrogen.
Role of molecular oxygen in anaerobic degradation of benzoate and 2-aminobenzoate. Trace amounts of oxygen (up to 0.03 mol per mol of substrate) were always detected in samples taken from growing cultures. This was probably due to trace amounts of air entering the needle during transfer of the syringe from the sample to the injector. However, to definitively exclude the involvement of oxygen in the degradation of benzoate and 2-aminobenzoate, strict anaerobic conditions (Hungate tube, 10 ml of mineral medium supplemented with 0.0002 M palladium black, hydrogen atmosphere) were utilized. Under these conditions resazurine was decolorized, indicating strict anaerobiosis (15) , and both aromatic substrates were degraded. The growth-inhibitory effects of sulfides, which are usually used as reducing agents (7) concentrations (e.g., 0.1% yeast extract) (4), or a neutral pH might totally inhibit the desired metabolic reactions.
The anaerobic degradation of benzoate has been studied in detail (9) . However, little is known about the anaerobic breakdown of 2-aminobenzoate (2 The results presented establish a model anaerobic system for the rapid and complete oxidation of an aminoaromatic compound by oxygen-insensitive bacteria. Studies in progress are directed towards elucidating the reactions involved in the anaerobic degradation of 2-aminobenzoate and other amino-and nitroaromatic compounds. 
